Introduction
Despite the fact that the histologic and clinical features of Alzheimer's disease have been documented and extensively studied over the past century, we still do not have a clear concept of this disorder's etiology or pathogenesis. For the neuropathologist, Alzheimer's disease is a condition that is characterized clinically by progressive cognative dysfunction and pathologically by the development of large numbers of neurofibrillary tangles and senile or neuritic plaques in the neocortex and hippocampus (1). Alzheimer's disease represents a progressive degenerative disease of the central nervous system of unknown etiology.
In our laboratory, we have studied the potential role of aluminum in the pathogenesis of the neurofibrillary tangle, an important component in the histologic changes seen in Alzheimer's disease. In this paper, we will discuss the association of aluminum to Alzheimer's disease and to other conditions in which neurofibrillary tangles are encountered, as well as the data, both for and against, of a causal link related to the neurotoxicity of this element. Finally, we will discuss the implications of changes in geochemistry and ecosystems associated with acid rain, and their potential implications to altered risks for aluminum neurotoxicity. 
Aluminum and Alzheimer's Disease
The potential association of aluminum and Alzheimer's disease began with observations made in 1965, by Klatzo and co-workers (2) and by Terry and Penia (3) , of the experimental induction of neurofibrillary degeneration in rabbits following exposure of the central nervous system to aluminum salts. These workers and others (4,5) have described prominent, widespread, neurofilamentous accumulations which developed in neuronal perikarya following the introduction of aluminum salts directly onto the central nervous system parenchyma or into the cerebrospinal fluid. These experimentally induced neurofilamentous changes were orignally considered to be comparable to human neurofibrillary tangles.
However, criticism soon began to be raised concerning the use of the aluminum-induced neurofilamentous accumulations as an experimental model of the human neurofibrillary tangle (3, 6) . At the time, the human neurofibrillary tangle was considered by most workers in the field to be an altered neurotubule (the so-called twisted tubule) (7) , whereas the aluminum-induced tangles were composed of straight neurofilaments. Subsequent investigation of this issue led to the acceptance of the concept of the human neurofibrillary tangle being composed of a pair of helically wound neurofilaments (8, 9) , the so-called paired-helical filament, thus provid-ing a closer link to the aluminum model.
Currently, unresolved issues exist related to shared versus separate antigenic determinants between normal neurofflaments and paired helical filaments (10) (11) (12) (13) (14) . At present, mechanisms for the formation of the unique paired helical configuration of the cytoskeletal elements seen in man's neurofibrillary tangle are not clearly established. Although the precise biochemical nature of the subunits of the paired helical filaments is currently uncertain, structural and antigenic evidence exists which suggests that an altered neurofilament is a likely candidate (15) (16) (17) . An inherent resistance of the pairedhelical filaments to become solubilized following harsh proteolytic treatment has significantly hampered progress in this field (14) . Until the nature of the basic components of the paired helical filaments are known, along with the mechanism for its unique structural configuration, not encountered naturally or experimentally, in animals other than man, these concerns will remain unresolved.
The existence of the rabbit animal model stimulated Crapper-McLachlan and colleagues to investigate the aluminum content of brain tissues of patients with Alzheimer's disease. These workers reported (18, 19) significantly increased levels of brain aluminum content, particularly in those regions of the brain containing large numbers of neurofibrillary tangles. CrapperMcLachlans' work has been difficult to replicate and this subject remains controversial (20) (21) (22) . All of these studies employ assay techniques which are inherently tissue destructive (atomic absorption spectrometry and neutron activation analysis) and also require relatively large bulk samples. In a situation of focal accumulations of an element in association with certain cellular lesions, dilution of the element of interest within the relatively large total sample being analyzed may result in an inability to detect significant differences between affected tissues and uninvolved controls.
Scanning Electron Microscopy-X-Ray Spectrometry Studies
In our laboratory, we have developed highly sensitive techniques, through the use of scanning electron microscopy in conjunction with energy dispersive x-ray spectrometry, for the analysis of trace element constituents of the nervous system at the cellular level of resolution (23) (24) (25) . The tissues being analyzed are prepared as frozen sections of formalin fixed brain samples. Cells of interest are located through examination of the secondary electron surface images or the appearance of back-scattered electron images obtained from silverstained sections. The electron beam is then focussed to approximately one micron in diameter and this minute portion of the section is irradiated with electrons, producing X-rays. The X-rays that are emitted are characteristic in their energy levels for the elements contained within the portion of the tissue being hit by the electron beam. By collecting and analyzing the X-rays emitted from selected portions of individual neurons, we can provide information about elemental content with rather precise cellular localization.
Using these techniques, we have identified intraneuronal accumulations of aluminum in association with neurofibrillary tangle formation in the hippocampal neurons of brain tissues obtained from patients with Alzheimer's disease (23, 26) . Adjacent tangle-free neurons of these cases, or of age-matched controls, failed to show a similar degree of intraneuronal aluminum accumulation. The aluminum accumulations appear to be confined to the nuclear region of the cell and are not found in the perikaryal cytoplasm, the neurofibrillary tangle itself, or the adjacent neuropil.
Studies of High-Risk Foci
Although a pathologic hallmark of Alzheimer's disease, neurofibrillary tangles are found in association with a wide variety of other neurologic disorders (27 (29, 30) .
In collaboration with the NIH-Laboratory of Central Nervous System Studies, we have been engaged in the study of the trace element constituents of the tanglebearing neurons encountered in the Chamorro natives of Guam. Using our scanning electron microscopy-X-ray spectrometry probe techniques, we have clearly demonstrated that aluminum selectively accumulates within the tangle-bearing neurons of the Guamanian native affected with parkinsonism-dementia and ALS (26, 31) . The aluminum-related X-rays generated from probe sites of the tangle-bearing neurons of these cases were 3-4 times greater than those obtained from tanglefree Guamanian control specimens. The dramatic accumulation of aluminum in the tangle-bearing neurons of the Guamanian Chamorro has recently been independently confirmed using a different X-ray spectrometry imaging approach (32) . Table 1 provides data related to X-ray probe sites taken on tangle-bearing and tangle-free hippocampal neurons of cases of Alzheimer's disease, Guamanian ALS and parkinsonism-dementia and appropriate con- neurons from the CA1 region of the hippocampus were subjected to multipoint X-ray probe analysis. The data provided gives the aluminum-related X-ray counts (± 1 S.E.) following computer-assisted background subtraction within a 150-eV window centered around the K-alpha of aluminum. It should be pointed out that these techniques permit us to simultaneously evaluate several other elements within the tissues being probed. In these studies, aluminum represents the only element which is consistently altered in relationship to the presence, in a neuron, of a neurofibrillary tangle. Many of the cases have shown increased calcium-related X-ray signals in the tangle-bearing neurons (26) . Some cases, however, have failed to demonstrate a similar accumulation. In contrast to the tightly bound nature of the aluminum, much of intracellular calcium is lost following the death of the individual and in the fixation of the specimen. Accordingly, we are presently unable to fully interpret the calcium-related data.
Over the past 35 years, research interest in the phenomenon of neurodegenerative disease of epidemic proportions among the Guamanian natives has centered primarily on attempts to determine the underlying mechanisms responsible for motor neuron degeneration. As D. Carleton Gajdusek has written (33), "Discovery of its cause and pathogenesis in these intensely affected populations will surely contribute to a better understanding of the disease (ALS) elsewhere." It has been our belief that the remarkable tendency of the natives living on Guam to develop large numbers of neurofibrillary tangles represents a similar opportunity with respect to Alzheimer's disease.
Evaluation of a large amount of epidemiologic evidence strongly suggests that certain environmental factors may play an important etiologic role in the neurodegenerative phenomena so prevalent on Guam (34, 35) . Important in this consideration are observations made of two additional foci in the western Pacific both of which show a similar high incidence of ALS and parkinsonism-dementia, that is, the Kii peninsula of southern Japan (36) and the Auyu and Jakai people of southwestern New Guinea (37) . Careful evaluation of these populations fails to reveal shared genetic constituencies and environmental factor/s common to all three high-risk foci have been sought.
It has been noted that all three areas have an aluminum-rich bauxite soil in association with markedly low levels of calcium and magnesium in the local garden soil and water supplies (38, 39) . Until recently, all three foci remained isolated with extremely limited access to imported foodstuffs. It is of particular interest that, over the past two decades, Guam has witnessed a dramatic drop in the incidence of both ALS and parkinsonism-dementia (40) . Indeed, instead of having a fiftyfold higher risk of developing ALS, as existed 30 years ago, the Guamanian Chamorro now has a risk that is only a few times higher than that of the U.S. resident. It is unclear whether this dramatic change in incidence data is related to the coincident influx, during this same period of time, of many of the commercial products associated with "westernization." However, there can be virtually no doubt that this relatively abrupt change in incidence strongly suggests that the environment plays an important causal role in these phenomena. Considering the above, it is of interest, and perhaps of some concern, that we note that one of the principle effects of acid rain is to leach large amounts of aluminum from the soil due to its lack of buffering capacity. Evidence has been presented suggesting that an important biologic effect of acid rain is to increase the bioavailability of aluminum to both flora and fauna, with profound toxic effects. How high up the biologic ladder this concept may extend can only be speculated upon.
It should be remembered that, although aluminum is one of the most ubiquitous elements in our environment, it has, until relatively recently, existed predominantly in forms unavailable to man and most other biologic species and is thus nontoxic. Accordingly, in an evolutionary sense, little has been required, in terms of natural barrier systems or detoxifying mechanisms, to deal with this substance. With the relatively recent appearance of acid rain, there has been a dramatic increase in the amount of aluminum appearing in biologic ecosystems with dramatically destructive effects on fish and plant-life species. It is clear that these species have been unable to adapt successfully to these environmental changes. Whether man will find himself in a similar vulnerable state as regards changes in aluminum bioavailability, can only be speculated upon. It is clear that the potential magnitude of the problem requires urgent further scientific study.
